Experimental evidence suggests the existence of an RNA molecular prebiotic entity, called by us the "protoribosome," which may have evolved in the RNA world before evolution of the genetic code and proteins. This vestige of the RNA world, which possesses all of the capabilities required for peptide bond formation, seems to be still functioning in the heart of all of the contemporary ribosome. Within the modern ribosome this remnant includes the peptidyl transferase center. Its highly conserved nucleotide sequence is suggestive of its robustness under diverse environmental conditions, and hence on its prebiotic origin. Its twofold pseudosymmetry suggests that this entity could have been a dimer of self-folding RNA units that formed a pocket within which two activated amino acids might be accommodated, similar to the binding mode of modern tRNA molecules that carry amino acids or peptidyl moieties. Using quantum mechanics and crystal coordinates, this work studies the question of whether the putative protoribosome has properties necessary to function as an evolutionary precursor to the modern ribosome. The quantum model used in the calculations is density functional theory-B3LYP/3-21G*, implemented using the kernel energy method to make the computations practical and efficient. It occurs that the necessary conditions that would characterize a practicable protoribosome-namely (i) energetic structural stability and (ii) energetically stable attachment to substrates-are both well satisfied.
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bonding apparatus | puromycin | interaction energy | self-assembly | chemical model A suggestion of a molecular entity, called "protoribosome," which may have evolved and emerged from an RNA world before a subsequent evolution into the modern protein/nucleic acid world, has been reported (1) (2) (3) . In contemporary cells the ribosomes translate the genetic information (stored in the DNA) into proteins. Ribosomes are gigantic complexes, which in prokaryotes are built of some 50 proteins and three RNA chains with a total of 4,500 nucleotides. Aptly referred to as the protein factory of all living cells, the ribosome is essential to the contemporary life, and its activity may have been crucial to the formation of life itself. Structural analysis identified an internal RNA region that exists in all known structures (1) (2) (3) (4) (5) and has universally conserved sequence (1) , which contains the site of peptide bond formation, and thus may well be that of a remaining RNA world entity. Consistent with the findings that the main ribosomal functions-namely, the decoding of the genetic code, the formation of peptide bonds, and the creation of elongating proteins-are performed by ribosomal RNA and with the universality of this region among all kingdoms of life, we proposed that this region is a remnant of a prebiotic chemical entity with catalytic capabilities, and called it the "protoribosome." Within the otherwise asymmetric ribosome, this region has a unique fold (6) and could have been the link to the modern world (7). It is characterized by a pseudotwofold symmetry with a highly conserved nucleotide sequence and seems to possess all of the assumed prerequisites for the formation of chemical bonds. This semisymmetric object could be a dimer of self-folding RNA units that formed a pocket within which two activated amino acids, as substrates, might be accommodated.
A representation of a plausible sequence for spontaneous self-assembly of a protoribosome is shown in Fig. 1 (2) . Here, we put forth the use of quantum mechanics to answer the following question: Is the suggested protoribosome structure a plausible reality? One may systematically remove-that is, mathematically-all surrounding parts of the modern ribosome and use the coordinates of a central symmetric pocket for constructing a putative protoribosome. Here we apply quantum mechanics to the structure of that protoribosome. The most fundamental inquiry followed in this article is that of the energetic stability of the proposed protoribosome. This is not presently known. And obviously if the structure is not energetically stable, it is not likely to be able to act as a biological catalyst, as would be required of a protoribosome. The protoribosome contains almost 200 nucleotides, namely thousands of atoms. Ab initio quantum calculations rise in difficulty as a high power of the number of atoms in the system. Therefore, quantum calculation of the protoribosome energy is a complex computational problem. Fortunately we are in possession of a recently discovered kernel energy method (KEM) (8-24), described below, which alleviates dramatically the computational difficulty of ab initio calculations. Importantly the KEM is highly accurate, as well as computationally efficient.
As an example of the large size of systems that can be studied with ab initio KEM, we have applied the method to a HartreeFock (HF) calculation of a 33,000-atom protein (16) . It is entirely feasible to treat even larger molecules within the context of KEM capabilities. Therefore, we performed an ab initio KEM study of the protoribosome and showed that its existence is quite feasible. Using KEM we address the question of whether the basic symmetric structure of the folded dimer pocket that constitutes the protoribosome suggested previously (4) proves to be quantum mechanically stable. If so, the next question to address is: Can it accommodate a pair of amino acids bound to a chain of a few (1-3) nucleotides, representing the tRNA 3′−end, spatially
Significance
The ribosome is essential to life as it functions as "the protein factory" that translates the genetic code into proteins. A universally conserved region around its major active site, where the nascent proteins are being created, was identified in all contemporary ribosomes. Thus, it seems to be a remnant of an entity from the prebiotic RNA world, hence called the "protoribosome." Using quantum mechanics and crystal coordinates of this region, we aimed at answering the question of whether the putative protoribosome has properties essential to function as an evolutionary precursor to the modern ribosome. Our findings show that the necessary conditions that would characterize a practicable protoribosome, namely energetic structural stability and energetically stable attachment to substrates, are well satisfied. and energetically? Furthermore, such calculations should indicate the energetic preferences for the length of the nucleotide chain and its correlation to the protoribome size, ranging between 120 and 180. If both questions would be validated quantum mechanically, that would be highly suggestive of the protoribosome as an actual remnant from the RNA world still functioning in the chemistry of life, in the modern DNA/RNA/protein world.
Results
The quantum calculations discussed here involve 6,019 atoms (including H atoms). We started from the crystallographic atomic coordinates, attached cytosine-cytosine-adenine (CCA)-puromycin molecules to the crystallographic peptidyl-tRNA binding site (Psite) region (Preg) and aminoacyl-tRNA binding site (A-site) region (Areg), after which were appended all of the hydrogen atoms required to satisfy the valences of the various atoms. Our quantum KEM, designed specifically to handle the large number of atoms characteristic of biological structures, was used to do the calculations. The underlying quantum mechanical chemical model used is density functional theory (DFT) with a reasonable basis of atomic orbitals called 3-21*. The results of such a chemical model are reliable as regards energetic trends. To interpret the results, notice that negative interaction energy implies an attractive interaction between components. The results show that the Areg and Preg RNAs have an attractive binding interaction and also both substrates are bound to their RNA sites. The overall conclusion is that the protoribosome structure is energetically stable-that is, the various parts are bound together. In what follows we consider the calculation results for an assumed assembly of the protoribosome in four different cases.
First we consider the RNA object that was mathematically isolated from the heart of the contemporary ribosome, which we call the "180 protoribosome." This includes about 180 nucleotide elements that are conforming to the twofold symmetry in the modern ribosome. The protoribosome with a total of 5,759 atoms consists of an RNA Preg and an RNA Areg, each of which may have substrates attached. In our calculation, the substrates are cytosine-cytosine-puromycins (CCP), each with 260 atoms, one at each Areg and Preg. All of these components are shown in Fig. 2 , together with the interaction energies between the various components. The Areg and Preg of the protoribosome are bound to each other with an interaction energy of -1,10.38 kcal/mol. The Areg is bound to its substrate CCPuromycin with an interaction energy of -91.57 kcal/mol. The analogous binding of the Preg to its substrate is -48.06 kcal/mol. Accounting for the "crossing" interactions between the Areg and Preg and the substrates bound to the opposite site, the interactions are smaller at +0.98 kcal/mol and -8.77 kcal/mol, respectively. The interaction between the two bound substrates equals -4.83 kcal/ mol. The sum of all interaction energies among all components of the protoribosome with its two substrates attached amounts to -262.63 kcal/mol.
Second we consider how the interactions may change if we reduce the size of the protoribosome and also the size of its substrates. Stripping away 57 of the nucleotides, we term the reduced structure to be a minimal protoribosome of 3,924 atoms called the "120-nucleotide minimal protoribosome," which can, according to our structural analysis, accommodate the last one or two nucleotides at the 3′-end of the aminoacylated tRNA, and the substrates are as before CCP aminoacyl (A) and CCP peptidyl (P), each containing 260 atoms. The minimal protoribosome and its substrates are pictured in Fig. 3 , which retains the pattern previously set out in Fig. 2 . The analogous interaction energies are as follows. The Areg and Preg of the minimal protoribosome are bound to each other with an interaction energy of -89.65 kcal/mol. The Areg is bound to its substrate CCP with an interaction energy of -37.26 kcal/mol. The analogous binding of the Preg to its substrate is -7.63 kcal/mol. Accounting for the crossing interactions between the Areg and Preg and the substrates bound to the opposite site, the interactions are smaller at +1.42 kcal/mol and -8.89 kcal/mol, respectively. The interaction between the two substrates at the A-and P-sites equals -4.83 kcal/mol. The sum of all interaction energies among all components of the minimal protoribosome with its two substrates attached amounts to -146.84 kcal/mol.
In the third case, we maintain the geometry of the same minimal ribosome as in the second consideration above, but the substrates are reduced to cytosine puromycin (CP) A and CP P, each containing 202 atoms. The minimal protoribosome and its substrates are shown in Fig. 4 , which retains the pattern previously set out in Fig. 3 . The analogous interaction energies are as follows: The Areg and Preg of the minimal protoribosome are bound to each other with an interaction energy of -89.65 kcal/mol. The Areg is bound to its substrate CPuromycin with an interaction energy of -38.48 kcal/mol. The analogous binding of the Preg to its substrate is -9.19 kcal/mol. Accounting for the crossing interactions between the Areg and Preg and the opposite substrates, the interactions are smaller at +2.30 kcal/mol and -9.11 kcal/mol, respectively. The interaction between the two substrates at the A-and P-sites equals -4.20 kcal/mol. The sum of all interaction energies among all components of the minimal protoribosome with its two substrates attached amounts to -148.33 kcal/mol.
Fourth and last, we maintain the geometry of the same minimal 120-nucleotide protoribosome as in the second consideration above, but we reduce the size of the substrates to that of puromycin alone, at both the A-and P-sites, each containing 138 atoms. As before, the minimal protoribosome and its reduced substrates are shown in Fig. 5 , which retains the pattern of the previous two figures. The calculated interaction energies are as follows: The Areg and Preg of the minimal protoribosome have the same interaction energy as indicated for them in Fig. 3 -that is, -89.65 kcal/mol. The Areg is bound to its substrate Puromycin with an interaction energy of -25.60 kcal/mol. The analogous binding of the Preg to its substrate is -3.72 kcal/mol. The crossing interactions between the Areg and Preg and the opposite substrates are -3.05 kcal/mol and -5.22 kcal/mol, respectively. The interaction between the two substrates at the A-and P-sites equals -4.30 kcal/mol. The sum of all interaction energies among all components of the minimal protoribosome with its two substrates attached amounts to -131.54 kcal/mol. Table 1 shows all of the numerical values of the interaction energies corresponding to those pictured in Figs. 2-5 . The table rows are labeled according to the protoribosome component names, which may be found in Figs. 2-5 . The columns are labeled according to the names of the protoribosome and its substrates, whose names also may be found in Figs. 2-5 . The seventh row of the table indicates the total interaction energies of the various protoribosomes and substrates attached to them.
Method of Calculations
There are two separate aspects to the calculations we have used. First there is the question of which chemical model we have chosen to use to approximately solve the atomic scale equations of motion-viz., the quantum mechanical Schrodinger equation. A chemical model entails a method of approximation, which in this article is that of DFT (25, 26) , and a choice of basis orbitals, in this article 3-21G* (27) , which define the Hilbert space for approximation of the molecular orbitals of the molecule studied. The second aspect of the problem is that of the hardware and software used to implement the chemical model that has been chosen. We discuss separately each of these.
The HF approximation (28) is well known and is an often-used ab initio quantum mechanical calculation. It is characterized by use of a single Slater determinant of orbitals, which define a molecular energy minimum within the space of the orbital basis. However, the HF wave function does not include correlation energy, which although small, is sometimes chemically important. Here we use instead DFT, derived from the Hohenberg-Kohn (HK) theorem (25) and its numerical implementation in the Kohn-Sham (KS) equations (26) . In common with HF, the DFT/KS wave function is also a single Slater determinant of orbitals. However, KS orbitals deliver the exact electron density, in principle. The KS equations, in form similar to the HF equations, are simpler by way of their potentials, which are of local form. And moreover, the KS potential contains correlation effects, which are absent in the HF approximation. In practice the KS exchange correlation potential is approximated using empirical data and theoretical constraints. DFT KS equations are used in the calculations of this article because of their HFlike simplicity, on the one hand, and their inclusion of correlation, on the other hand.
The calculations referenced above were carried out using Gaussian 09 (29) on the high-performance computer SGI ALTIX, with a parallel computing grid running the UNIX/LINUX operating system. All of the final results of this article have been obtained using the chemical model DFT/B3LYP/3-21G*. Of the many DFT functionals in existence, the DFT/B3LYP approximation is the most widely used. It is a sum of two parts, an empirical Becke 3 parameter exchange contribution (30) and a Lee-Yang-Parr correlation contribution (31) patterned upon the correlations of Colle and Salvetti (32) . A reference that shows B3LYP is effective for these systems is that of Lozynski and coauthors (33) . The Gaussian basis set 3-21G* (27) combined with B3LYP is expected to be adequate for representations of the protoribosome in this article. As is well known, Pople and his school developed the 3-21G* basis set to reproduce the larger 6-31G* basis set calculated geometries of a test set of molecules.
The DFT chemical model we apply has a computational difficulty that at best rises with the third power of the number of basis functions used. The protoribosome calculations here envision a number of atoms as high as 6,019. Thus, the calculations within the chemical model used would be almost prohibitive, unless a way of simplifying them is used. For this reason the quantum mechanical KEM is used to simplify the computational difficulty, while still retaining the accuracy inherent in the chemical model being used. We give a brief review of KEM.
KEM combines knowledge of atomic coordinates together with the formalism of quantum mechanics. Central to KEM is the kernel concept. Kernels are quantum fragments that summed together constitute a full molecule. Quantum mechanics is applied to only kernels and double kernels, but not a full molecule. Knowledge of the kernels allows reconstruction of all properties of a full molecule. Given a known molecular structure, it is mathematically broken into fragment kernels, whose atomic coordinates are given, such that each and every atom occurs in only one kernel. The total molecular energy is calculated by summation over the energy contributions of the kernels. In KEM, the fragment calculations are carried out on kernels whose ruptured bonds have been capped by the attachment of H atoms to preserve their valence. The contributions of hydrogen caps tend to be negligible, as the caps attached to double and single kernels, respectively, cancel by entering the total energy summation with opposite signs. The total energy is
where E ij is the energy of a double kernel of name ij and E i is the energy of a single kernel of name i. The symbols i and j are running indices and n is the number of single kernels. The validity of this has been shown in previous works (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . In this article we use the reliable accuracy of KEM to calculate the interaction energies associated with putative protoribosome molecules. The definition of interaction energy between pairs of kernels is:
where the subscript indices name the pair of kernels in question, I ij is the pair interaction energy, E ij is the energy of a double kernel, and E i and E j are each the energies of a single kernel. The sign of the interaction energy, I ij , indicates whether the kernels i and j attract (negative I) or repel (positive I).
The total interaction energy is a sum of the pair of interaction energies of the individual double kernels. The magnitude of a given pair interaction energy I ij determines its relative importance to the total molecular interaction energy. The magnitude of the interaction energies flows naturally from implementation of the KEM, which delivers the ab initio quantum mechanical interaction energy between and among molecular kernels. And this is computationally practical for molecular structures containing thousands or even tens of thousands of atoms. In using the KEM, we have divided the protoribosome composed of 178 nucleotides and CCPuromycin, in total containing 6,019 atoms, into 60 single kernels. The Preg is made of 29 kernels, and similarly the Areg is made of 29 kernels. The substrates at either the P-site or the A-site, whether CCPuromycin or CPuromycin or Puromycin, are in each case represented as one kernel. The Preg and Areg each consist of several fragments. These are listed in Table S1 .
We have calculated the energy of each single kernel and double kernel and subsequently used Eq. 1 to obtain the total energy for RNA and CCPuromycin, and using Eq. 2 we obtained all of the various interaction energies between and among various parts of the putative protoribosomes, as illustrated in Fig. 2 . We also have calculated the total interaction energies that stabilize the whole protoribosome system, including substrates.
The minimal protoribosome is suggested to be composed of 120 nucleotides containing 3,924 atoms, which have been divided into 43 kernels. Additionally, CPuromycin at the A-and P-sites together contain 202 atoms and represent an additional two kernels. Puromycin at the A-and P-sites together contain 138 atoms and represent an additional two kernels. The same method as discussed above in relation to Fig. 2 has been used to calculate the total energy and interaction energies illustrated in Figs. 3-5.
Discussion and Conclusions
The primary chemical function of the ribosome is the formation of peptide bonds according to the genetic code. The various complex tasks of the modern ribosome-namely, decoding the genetic code, polymerization of amino acids, protection of the nascent proteins, and responding to cellular signals-dictate its enormous magnitude and complexity and indicate that it must have evolved from simpler molecular precursors. Surely, it is of high scientific interest to reconstruct its possible origin, before describing steps of evolution that may have led to the emergence of the contemporary ribosome. Structural analysis of the 3D structures of ribosomes from the three kingdoms of life has led to a suggestion of what such a precursor might be. We identified a region around the peptide bond formation site that contains a geometrical twofold rotational symmetry. This small universal region (3-4% of the prokaryotic and eukaryotic ribosomes, respectively), in an otherwise gigantic, completely unsymmetrical molecular machine, has been suggested to be a protoribosome precursor (1) (2) (3) . We assume necessary (although not sufficient) conditions that a true protoribosome must be minimally capable of include (i) energetic structural stability and (ii) energetic stable attachment to substrates that can ultimately lead to formation of peptide bonds needed for production of proteins. These characteristics of the suggested protoribosome are currently ΔE, kcal/mol 180-nucleotide protoribosome and CCPuromycin (Fig. 2) 120-nucleotide protoribosome and CCPuromycin (Fig. 3) 120-nucleotide protoribosome and CPuromycin (Fig. 4) 120-nucleotide protoribosome and Puromycin (Fig. 5 The seventh row displays the total interaction energies (SI Appendix).
being studied experimentally. However, an analogous quantum mechanical study based upon crystallographically determined atomic coordinates, as reported in this article, has not been undertaken in parallel. The two characteristics above are found in this theoretical study to be operative in the putative protoribosome that has been studied. The dual criteria mentioned above as characteristic of a possible protoribosme have been studied at four levels, which have been demonstrated in Figs. 2-5 , and the results have been collected in Table 1 . The calculations demonstrated in Fig. 2 indicate that the protoribosome as a whole, on its own, or including its two substrates is an energetically bound molecular system. The same conclusion applies to the minimal ribosome and its three sets of substrates, which are displayed in Figs. 3-5. As indicated in the seventh row of Table 1 , the total binding energy of the four cases studied increases with increasing substrate size. This may possibly correlate with the direction of their evolution. However, the main conclusion of this article is that the protoribosome, insofar as it has been studied to this point, may be said to be consistent with the two requirements of energetic stability enumerated.
Inasmuch as one may ask, "How is it that gas phase calculations using crystallographic coordinates can give information on a system in aqueous solution?" we offer in response a ceteris paribus argument. Because the dimers and substrates of the calculations are all neutral species, solvent effects should act similarly in the average and so cancel in the energy difference calculations.
Future contributions that can be expected to proceed from quantum calculations would include a search for the transition state (TS) for formation of a peptide bond (34) that would be associated with the protoribosome. There, and as in the calculations of this article, the computational efficiency of KEM will prove to be useful.
Lastly, we mention in passing remarks about the difference between the interaction energy of the aa-mimic at the A-site versus that at the P-site, and in particular what is the significance, if any, of the greater interaction at A-versus that at P-sites. This observation seems to have two aspects, one of which is physical and one of which is biological. Of course, in the end, it is a mandate that both aspects must correspond to what is known experimentally. The physical situation is that the atomic configuration at the P-site differs from that at the A-site. If so, then it is reasonable that the interactions, I, of the aa within the sites would also differ. The fact that I is greater at A than at P is simply a result of the atom configurations adopted and the quantum model used. The results as stated are consistent with the atom positions and the quantum model used. As regards the biology, although it is known that the P-site substrate binds to the contemporary ribosome before the A-site binding, our quantum results obtained thus far do not contradict that. We have calculated the energies of the protoribosome filled with its two substrates. We have also calculated the energies of the protoribosome alone and the free aa's. The difference between these energies is the interaction energies. If one thinks of all this as a chemical reaction with reactants becoming products, we have essentially calculated the energy difference of products and reactants. Such energy differences relate to stability but do not relate to the rates at which the A-site versus P-site would be occupied. Such rates are controlled by the TS of each of the reactions, binding A-site or P-site. The interaction energies of our article are related to the energetic stability of molecules, whereas it would be the activation energy (Ea) of the TS for the chemical reaction leading to chemical products that controls the rate of reaction. The point is that it is entirely possible that the P-site reaction can have a smaller Ea than the A-site reaction, which would correspond to earlier binding to P-site, but simultaneously it can also have a smaller stability than A-site. We do not know if that is the case, because we have not calculated the TS for these reactions. However, the fact that the binding at the P-site is less stable than that at the A-site does not contradict the biology (rates have not been addressed here). Future calculation of the TSs is indicated, along the lines previously published (34) . However, it would be a major calculation to undertake, because of the size of the protoribosome, and is not to be included here. The important thing is that our calculated smaller interaction energy at the P-site versus that at the A-site does not contradict rates associated with the P-site versus those of the A-site. There may even be some biological advantage to a relatively smaller interaction energy at the P-site, one may suppose as speculation, because the tRNA has to be pushed out of the P-site into the exit site and it is known that the A-site accommodation of tRNA substrate in the contemporary protein biosynthesis is a ratelimiting step (35) .
